Flow estimates for ungauged catchments are often derived through regionalisation methods, which enable data transfer from a pool of hydrologically similar catchments with existing gauging stations (i.e., pooling-groups). This paper presents a methodology for indexing the utility of gauged catchments within widely used pooling-group methodologies for high and low flow estimation; this methodology is then used as the basis for a network evaluation strategy. The utility of monitoring stations is assessed using catchment properties and a parallel, but independent, appraisal of the quality of gauging station data, which considers hydrometric performance, anthropogenic disturbances and record length. Results from the application of the method to a national network of over 1,100 gauging stations in England and Wales are presented. First, the method is used to appraise the fitness for purpose of the network for regionalisation. The method is then used to identify gauges which monitor catchments with high potential for regionalisation, but which are deficient in terms of data quality -where upgrades in hydrometric performance would yield the greatest benefits. Finally, gauging stations with limited value for regionalisation, given the poolinggroup criteria employed, are identified. Alongside a wider review of other uses of the network, this analysis could inform a judicious approach to network rationalisation.
INTRODUCTION
Hydrometric data provide the foundation for water management and underpin informed decision-making in areas such as water resources assessment, flood risk estimation, hydroecological management and hydropower generation.
Around the world, however, hydrometric monitoring networks face increasing financial constraints and, in many countries, are declining (Vörösmarty ; Mishra & Coulibaly ) . Under such circumstances, there is a growing need for improved network evaluation tools, to ensure that Mishra & Coulibaly ). Other methods have focused on catchment characteristics: Laizé (), for example, developed a Representative Catchment Index for assessing the similarity of a gauged catchment to a reference area in terms of land cover and elevation characteristics.
One of the primary uses of hydrometric network data is for regionalisation, i.e., the prediction of hydrological characteristics at ungauged locations, via extrapolation in space from locations where gauged data are available. This is one of the key challenges in contemporary hydrology, and has been at the forefront of the Prediction in Ungauged Basins (PUB decade, 2003 (PUB decade, -2012 The concept of 'uniqueness of place' (Beven ) -whereby catchments are unique in terms of their topography, soils, rock types, vegetation and anthropogenic modification -arguably limits the potential for generalisation of regionalisation techniques. Attempts to set out a general catchment classification scheme, and appropriate metrics for judging similarity or dissimilarity, have been advanced by Wagener et al. () .
Despite the lack of any scientific consensus on a generalised approach to regionalisation, there are significant commonalities across many methods and, pragmatically, attempts have been made to adopt some national standards for regionalisation for particular purposes.
Regionalisation methods often employ a Region of Influence (Burn ) approach, which enables prediction at ungauged locations through data transfer from poolinggroups of hydrologically similar catchments. In the UK, pooling-group methods are used for flood frequency estimation (the Flood Estimation Handbook, FEH; Institute of Hydrology ) and flow duration curve estimation ('Low Flows' software; Holmes et al. ) . Previous authors have argued that network design strategies should ensure that streamflow/precipitation variability in space and time is sampled optimally, to facilitate estimation at ungauged sites (Mishra & Coulibaly ) .
While this aspiration is implicit in many statistical network evaluation methods, there is a good argument for using regionalisation methods as a starting point for network evaluation: the utility of regionalisation techniques largely depends on the number, spatial disposition and measurement capabilities of gauging stations in a hydrometric network. To this end, Laizé et al. () developed a methodology for network appraisal for the UK based on techniques used within the FEH, to assess the utility of gauged catchments in terms of their capacity for supporting regionalisation.
The majority of published techniques for network evaluation have not addressed the quality of data provided by gauging stations. Data quality is an important concern for regionalisation studies, as estimates for ungauged sites, if based on poor quality gauged records, are likely to be subject to high degrees of uncertainty (Robson & Reed ) .
However, the reliability of river flow data is often compromised by the hydrometric inadequacies of gauging stations, especially at high and low flows (Marsh ; Herschy ). Additionally, for hydrological regionalisation studies, river flows must approximate a natural response to the physical properties of the catchment if meaningful relationships are to be derived (Gustard et al. ) . Unfortunately, in a global context, a significant majority of river flow regimes are affected by human disturbances (Vörösmarty & Saha- gian ) such as water withdrawals, effluent returns and storage in reservoirs. This paper describes a new methodology which aims to address some of the gaps in previous network appraisal strategies. In particular, the approach assesses both the utility of a catchment and the quality of data produced by its associated gauging station. Building on the work of Laizé et al. (), the methodology developed herein quantifies the utility of gauging stations, and their associated catchments, primarily in terms of their utility in widely used regionalisation methods. It is therefore vital to consider the many other aspects of network utility (in particular, operational purposes such as abstraction licensing or flood warning) which are not encompassed in the methodology.
The methodology was developed specifically to examine the strategic utility of the England and Wales (E & W) gauging station network, as part of a review commissioned by the Environment Agency (EA) for E & W (described in Davis et al. () ). The EA network review also considered the operational utility of gauging stations, and the strategic and operational reviews were given equal weight. The current paper focuses on the strategic component of the review, which has potential for application to other monitoring networks around the world. While the method has been developed and demonstrated in a rather data-rich environment, which may constrain certain aspects of its portability to data-sparse locations, it has the advantage of generic, modular structure; individual components may therefore find application elsewhere, according to data availability. 
THE ENGLAND AND WALES GAUGING STATION NETWORK
The UK gauging station network is very dense by international standards (Marsh ) , which is largely a response to the diversity of the UK in terms of climate, geology, physiography, land use and patterns of water utilisation. While hydrometric network reviews have been and annual running costs are £14 million. The study noted a 12% increase in the monitoring network over a 3-year period and recommended 'better control over the size of the network of monitoring sites'. This recommendation prompted the EA to carry out a hydrometric network review, including an assessment of the strategic utility of the network, for which the methodology produced in this paper was designed, along with a parallel appraisal of the operational importance of the network (Davis et al. ) . At the time of the review (2008), there was a total of 1,393 active gauging stations currently in the network; in this paper, 1,116 sites were featured in the analysis, after excluding those sites for which data needed to calculate the various indicators used in the methodology were missing.
DESCRIPTION OF THE METHODOLOGY Key principles
Much published work on network appraisal focuses on a relatively small number of stations (e.g., Black et al. ;
Markus et al. ).
A key specification of the new methodology was that it could be automated and applied rapidly to a national network of upwards of 1,000 gauging stations.
Another important criterion for development was that the technique should be relatively simple and should deliver results that are easy to interpret, which favoured a scoring system based on catchment and station attributes rather than the overtly statistical approach favoured by many previous studies; as discussed in the introduction, many methods rely on concepts such as information theory (e.g., Specifically, the network evaluation objectives that the methodology was designed to address are as follows:
• Assess the current fitness for purpose of a network for servicing regionalisation.
• Identify where improvements in data utility would yield the greatest benefits for regionalisation methods.
• Identify redundant stations, which are of low value for regionalisation and could (in principle) be decommissioned without any deleterious impact on regionalisation.
• Identify a core network of the highest utility gauging stations.
The latter objective is the subject of ongoing research, and is beyond the scope of the present paper, although brief consideration is given to the issue in the discussion.
The methodology is designed to allow separate appraisals of the utility of a gauged catchment for regionalisation, and the quality of the data produced by the gauging station itself. A key concept is that the catchment utility can be quantified independently of the gauging station which monitors it. The potential of a catchment for regionalisation is a function of its physical characteristics (e.g., area, wetness, soils); whether this potential can be realised, however, is contingent on the gauging station. Underlying the mechanism, therefore, is a conceptual scoring scheme which quantifies the following attributes of a catchment and its associated gauging station:
• The catchment's 'Potential Benefit' (PB): this indicates the theoretical utility of the gauged catchment for use in regionalisation.
• This potential is then constrained by the 'Actual Performance' (AP) of the gauging station, i.e., the quality of the data provided by the station.
• Overall, these are combined to yield a 'Realised Benefit' (RB) according to a simple equation:
High and low flow estimation approaches typically employ different techniques, and many gauging stations are better suited to either high flow measurement or low flow measurement (Marsh ) . The methodology is designed, therefore, to assess the utility of stations for high and low flow estimation separately. The two components can be combined to give an overall score for gauging station utility. The overall structure of the methodology is summarised in Figure 2 , which also provides a framework for the following discussion of the implementation of the method in E & W. were all four million catchments that can be derived from the UK IHDTM, so four million pooling-groups (analogous to the example presented in Figure 3 ) were created. From these, the relative rankings and weights of gauged catchments were derived using the CUI methodology as 
Data utility -actual performance
The quality of streamflow data is affected by many factors, which will have different degrees of importance from one network to another. The following three generic factors were considered to be important in E & W, and are likely to be of relevance to most national hydrometric networks: artificial influences (AIs), hydrometric performance and length of record. The following sections discuss the techniques used to quantify the impact of these factors, and a methodology for combining them.
Artificial influences
An existing numerical indicator of reservoir and lake influences at high flows, available for the UK, is the Flood 
From these various indicators, an overall Hydrometric
Data Quality (HDQ) score was derived. For low flows, the HDQ score used the GSDQ where available; alternatively, the subjective score based on expert judgement was used.
For high flows, 50% of the HDQ score was applied in the same way, and 50% was based on the Hiflows-UK classification (effectively, Hiflows-UK sites are awarded a bonus score for their previously defined utility in flood estimation). Figure 2 ).
An overall data utility (Actual Performance) score
The three components AI, HDQ and RL were combined into an AP score, which is used to classify the quality of data being produced by a gauging station. Some indicators (e.g., low flows, AIs) were already based on a categorical scheme, but for others a categorical score was applied, with scores assigned to each category, e.g., for record length: <5
years ¼ 10%; 6-10 years ¼ 40%; 11-20 years ¼ 60%; 21-35 years ¼ 70%; 36-50 years ¼ 80%; >50 years ¼ 100%.
The categorical scores were then combined with a weighting scheme. Weightings were based on specifications dictated by perceived importance of the components, as assessed by stakeholders in the network review. AP is assessed as follows: For low flows, the weights used for scoring were:
For high flows, the weights used were:
The increased importance of HDQ for high flows reflects the fact that AIs on the high flow regime are less prevalent (the influence of reservoirs is comparatively low by international standards) whereas hydrometric issues such as gauge bypassing, drowning of structures or uncertainty in high flow ratings are perceived to be a fundamental issue in high flow estimation in the UK (e.g., Marsh ).
Equation (2) yielded an AP score, which was used to enable calculation of RB when combined with PB (Equation (1)). Clearly, different weightings would have different effects on rankings. These scores are only indicative, and used for ranking and grouping gauging stations -the key principle is that the AP score can be used as a rapid, first-pass screening tool, whereas more penetrating assessments can then be made by examining the individual HDQ, AI and RL factors. The above criteria were applied and the number of sites which met the criteria was computed for each PB class (Table 2) . Overall, around 50% of the network is suitable Figure 5 and highlighted by previous authors (Marsh ). For both high and low flows, the proportion of sites suitable for pooling is broadly similar across the PB categories (Table 2) . A large proportion (>40%) of catchments with the highest potential have gauging stations which are currently failing to deliver.
RESULTS FROM APPLICATION TO THE ENGLAND AND WALES NETWORK
This suggests that an overall improvement in regionalisation could be achieved within existing resources by increased investment in some high potential catchments, at the expense of some low potential catchments which could be downgraded (or possibly decommissioned; see below). An additional catalyst for improving the failing high potential sites is the frequency with which these sites are called into pooling-groups, and their high weightings, which implies that they may have a deleterious effect on pooled flow regime estimates. There are, therefore, scientific benefits to be gained from improving high potential sites which are currently inadequate in terms of their hydrometric performance.
Identifying priority gauging stations for improvement
The scope for improving the utility of stations' gauging catchments which are heavily affected by human influences is somewhat limited. Attempts can be made to adjust flows to account for easily quantified AIs through flow naturalisation, but this requires a good knowledge of influences, and the uncertainty in naturalised estimates is an obstacle to their wider use. In practice, flow naturalisation is only carried out routinely for a small number of E & W gauging stations (Marsh & Hannaford ) , although the number is increasing. In contrast, there is considerable potential for enhancing hydrometric performance through improved measurement practices, and the logical priority for such investment would be those catchments with high PB and limited degrees of AIs.
An analysis was conducted to examine the numbers of sites in the E & W network which are unsuitable for pooling due to being artificially influenced, relative to those which are unsuitable due to poor hydrometric quality. Table 3 assesses the number of sites which are relatively natural (for low flows, AI CLASS <5 was applied; this was more tolerant than the analysis applied in the previous section, in order to include a higher number of stations). Table 3 demonstrates that AIs are a predominant factor in low flows with almost half of the highest PB catchments being unsuitable due to heavily influenced regimes. Of the 146 remaining highest potential catchments which are relatively natural, 22% are unsuitable due to having gauging stations with poor hydrometric performance. For high flows, 
Network rationalisation
Network rationalisation is a necessary response to resource limitations, but it is important that any decrease in the size of the network does not affect its utility. The methodology presented in this paper can be employed to support judicious network rationalisation, through application as a screening tool, to identify stations which are contributing little to regionalisation À those with lowest PB, which are also failing to deliver in terms of data quality, and are thus not realising their benefits (i.e., have low RB scores).
As an example of an application to the E & W network, high and low flow scores can be combined to screen for those stations which are of limited utility for both objectives.
Of the 1,116 catchments studied, 67 are in the lowest PB quartile (PB25) for both high and low flows. Critically, however, stations of limited PB, but with good AP, should not necessarily be considered redundant. While the catchment characteristics of low potential sites may render them of limited utility in pooling, there are many other factors to consider (see Discussion), so stations producing good quality data may be of strategic benefit through their data utility alone. Thus, those of the 67 candidate sites with a combined AP higher than the median of the candidates (63.25) were not considered further, leaving 34 stations, as presented in Table 5 . This is an illustrative exercise, yielding a small number of sites (<2% of the network). It should be noted that the sites in Table 5 are purely candidates for review based on the application of this methodology, and
will not correspond to the candidates identified in the EA Network Review (Davis et al. ) , which also considered operational benefits in parallel. Table 5 shows the characteristics of the lowest scoring candidates, demonstrating that the low RB is associated with a combination of high AIs, short records, and poor hydrometric quality at either high or low flows (or both).
This low level of RB suggests that decommissioning these sites would not be a significant loss to the network, in terms of regionalisation.
While the 
DISCUSSION
In terms of applicability, the method presented in this paper has several distinct advantages. It can be automated and applied rapidly, as a screening tool to guide network evaluation, and is interpretable through simple but defensible scoring techniques: the concepts of PB, AP and RBs are transparent and translate into clear messages for network managers. The modular approach means that stations can be judged for particular purposes, relevant for different sectors of the user community, as well as for their overall performance.
The key emphasis on regionalisation provides a scientific foundation to the method, and also ensures the method is designed to meet the specific needs of a wide community of users. The focus on national-standard pooling-group () suggest that the difficulty in establishing any common scheme for catchment classification is a result of (1) our limited understanding of how various catchment properties interact to create catchment responses and the choice of the most appropriate metrics to describe them;
and (2) partly our inability to measure these structural or hydro-climatic properties of catchments. The results presented in this paper should be therefore be considered one approach to regionalisation and, over time, the importance of gauges which may now be considered of low utility may come to light as hydrological understanding develops. Caution must therefore be adopted, especially This column shows the full station number for sites on the UK National River Flow Archive (NRFA) (as published in Marsh & Hannaford (2008) , which are highlighted in bold). For Environment Agency sites not on the NRFA, the local numbering system is used.
where gauges are potentially viewed as redundant. Nevertheless, resource pressures on networks are a reality, and the new methodology represents a pragmatic attempt to employ the current widely used standards in high and low flows regionalisation to guide network evolution strategies. In principle, a similar approach could be used for other regionalisation techniques -the key requirement is that the regionalisation algorithm can effectively be inverted, to assess the value of currently gauged catchments in light of landscape or hydro-climatic variability in ungauged locations.
A further consideration in applying the methodology is that regionalisation potential is only one way to assess strategic importance. A catchment may be of very limited value for pooling, but may prove useful for other strategic goals such as trend detection (Bradford & Marsh ) .
Some sites which are heavily impacted by AIs, while of limited regionalisation value, are needed to understand the ecological impacts of changes in flow regime (e.g., Acreman et al. ). Clearly, the attributes assembled by the methodology are also highly relevant to these other aims, so provided it is not used in isolation, the method facilitates consideration of other drivers of network evolution. An assessment of operational utility is an over-riding factor which must be considered before redundancies could be addressed. Nevertheless, the technique is designed so that it can be readily integrated with operational utility, as applied in the E & W network
The method is designed to be generic and extensible through its modular structure, and it is therefore potentially transferable to other networks. Different scoring schemes and weightings could be applied in different networks, according to the requirements of network managers.
Clearly, the method has been demonstrated in a very datarich environment; in an international context, the UK is privileged with vast quantities of available hydrometric data, catchment descriptors and metadata on data quality. In more data-sparse environments, applying the methodology in totality would be a challenge, although some aspects could be replicated with less data-intensive alternatives.
The following paragraph elaborates some considerations on the portability of the methodology. 
CONCLUSIONS
This paper has described a novel methodology for evaluating hydrometric networks for regionalisation, based on widely used pooling-group techniques for high and low flow estimation, and has two components: an assessment of the potential utility of a catchment for regionalisation, and a parallel (but independent) appraisal of the performance of the gauging station draining the catchment. This confers some benefits over previous methods for network appraisal, in that the quality of data being captured is an explicit factor in assessing the utility of gauging stations.
The methodology is applied to a national network of over 1,100 gauging stations in E & W, to demonstrate the efficacy of the methodology in assessing the 'fitness for purpose' of a hydrometric network for facilitating regionalisation. This analysis has shown that the methodology can be used to identify priority gauging stations for hydrometric improvement -where upgrades in performance would yield the greatest benefits for regionalisation and, over time, improve the credibility of regionalised flow estimates À and to identify stations which are contributing little value to regionalisation studies, which could potentially be decommissioned without deleterious effects on the capacity of the network for enabling flow estimation at ungauged sites.
One of the key advantages of the method is that it has a scientific basis by focusing on regionalisation -thus enabling scientific goals to be prioritised in network evaluation, in addition to the more traditional bias towards operational priorities -although, clearly, this basis is limited by the range of applicability of the pooling group methods used. However, the core of the method is a generic and flexible framework which could potentially be transferable to other networks around the world where different poolinggroup techniques are used. Used with suitable caution (given the focus on specific pooling-group methodologies) the method can be rapidly applied as a screening tool to large networks, and translates into simple messages which resonate with managers, researchers and end-users. As the approach focuses primarily on regionalisation, other network drivers (both strategic and operational) should be considered alongside this methodology. Nevertheless, the key principles, datasets and methods are highly complementary to other uses of hydrometric networks, and extensible to other drivers of network evolution.
Ultimately, the methodology ensures that, against a background of increasing pressures on hydrometric networks, the benefit of existing monitoring is maximised;
moreover, that strategic and scientific needs can be safeguarded and, in fact, promoted, when reviewing the utility of hydrometric networks.
